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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Abstract—Impact tests of � lament-wound carbon � ber reinforced plastic (FW-CFRP) composite
pipes were carried out using a drop-weight impact test device developedby the authors. Burst pressure
of composite pipes after impact tests was also measured in order to investigate the burst strength
degradation due to impact damage. Depth of � ber breakage region caused by impact loading was
evaluated after burst strength test. The burst strength of FW-CFRP composite pipes after impact
was demonstrated to decrease with the increase in cross-sectionalarea of damage. Furthermore, low-
modulus carbon � bers were wound on the surface of the pipes in order to suppress the impact damage.
Consequently, it was understood that the residual burst strength was enhanced due to the reduction of
impact damage such as � ber breakages.

Keywords: FW-FRP composite pipe; impact test; burst strength; low-modulus amorphous carbon � ber.

1. INTRODUCTION

Fiber reinforced plastics (FRP) pressure vessels fabricated by � lament winding
(FW) technology are extensively used because of their practical advantages, such
as light weight and high strength compared with seamless steel vessels. In the case
of daily use of FW-FRP vessels, there are possibilities of impact loading such as
dropping and/or knocking vessels. To avoid damage in such circumstances, it is
necessary to clarify the strength reduction mechanism after impact and to improve

¤To whom correspondence should be addressed. E-mail: wakayama@ecomp.metro-u.ac.jp
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320 S. Wakayama et al.

the impact resistance. There have been some investigations for burst strength
reduction after impact [1–4]. Most studies dealt with surface � ber breakage length,
although � ber break depth is also in� uential on the burst strength.

Therefore, improvement of the impact tolerance is still necessary for the FW-
FRP vessels. Previous investigations, including that of the present authors [5],
indicated that dominant damage due to impact was � ber micro-buckling caused
by compressive stress. When the impact load is applied to the pressure vessel,
the convex vessel wall is deformed into a concave shape and the surface layer
of the vessel is subjected to large compressive strain compared with composite
plate structures. Therefore, it is expected that the application of � bers with high
compressive strength into the surface layers would enhance the impact tolerance
and the residual strength after impact of FW-FRP pressure vessels.

In the present study, internal pressure tests on FW-CFRP composite pipes after
impact test were conducted. In order to improve the impact tolerance, low modulus
amorphous carbon � bers, which have high compressive strain to failure, were
applied to the surface of composites pipes. Impact damage, which consists of
� ber break length and depth, was evaluated as a function of absorbed energy.
Consequently, the effectiveness of the hybridization on the impact tolerance was
investigated.

2. EXPERIMENTAL PROCEDURES

Composite pipes were fabricated using a � lament winding machine and used for the
specimens illustrated in Fig. 1. Specimens consisted of aluminum alloy (A6063-T6)
liner and CFRP layer. Carbon � ber used was Torayca T700S-24K supplied by Toray
Inc. and epoxy resin Epikote 828 supplied by Japan Epoxy Resin Co. was used for
matrix. In order to improve the impact resistance, low modulus amorphous carbon
� ber Granoc XN05-30S, supplied by Nihon Graphite � ber Inc., was wound on the
surface of the composite pipes. Table 1 indicates mechanical properties of the � ber

Figure 1. Schematic drawing of composite pipe.
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Burst strength of composite pipes 321

and compressive properties of the unidirectional composites. XN05 composite has
high compressive strain and it was reported that hybrid composite using XN05 has
high impact resistance properties [6].

Three types of specimens were prepared. Table 2 shows specimen con� gurations.
Specimen A consisted of � ve T700S-24K layers and aluminum liner and Specimen
B had two additional XN05-30S layers on the surface. Specimen C was designed to
be equivalent strength of Specimen A and it had four T700S layers and nine XN05
layers.

Figure 2 shows the drop-weight impact tests apparatus. Mass and initial height
of the impactor were 7 kg and 0.45 m, respectively, i.e. the potential energy of
the impactor was 30 J. Impactor radius, R, was selected as 3, 10 and 20 mm for
Specimen A, and 3 and 10 mm for Specimens B and C. Absorbed energy was
calculated from the difference between initial height and maximum rebound height
of impactor measured by video camera. Some of the specimens after impact tests
were sectioned and observed by optical microscopy.

The residual strength of composite pipes was measured by internal pressure tests
using the test apparatus illustrated in Fig. 3. In the present study, strength of
hoop direction is of most concern and axial strength is very weak; therefore the
deformation in the axial direction was constrained by the stiff shaft centered in the
pipes. Figure 4 shows the internal pressure tests system. The specimen was set
in the test apparatus and placed in the container. Strain gauges were glued on the

Table 1.
Material properties

Fiber designation Granoc XN-05 T700S

Fiber properties Tensile strength (MPa) 1180 4900
Tensile modulus (GPa) 55 230
Strain to failure (%) 2.0 2.1
Density (Mg/m3/ 1.65 1.8
CTE (10¡6 /K) 3.4 ¡0.4

Composites properties Tensile strength (MPa) 640 2650
(Matrix: 130±C epoxy) Tensile modulus (GPa) 34 127

Tensile strain to failure (%) 1.83 1.7
Compressive strength (MPa) 870 1400
Compressive modulus (GPa) 32 129
Compressive strain to failure (%) 2.9 1.4

Table 2.
Specimen con� guration

Specimen A A6063-T6 C T700S-24K [0±
5]

Specimen B A6063-T6 C T700S-24K [0±
5] C XN-05-30S [0±

2]
Specimen C A6063-T6 C T700S-24K [0±

4] C XN-05-30S [0±
9]
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322 S. Wakayama et al.

Figure 2. Impact tests apparatus.

(a)

(b)

Figure 3. Internal pressure tests apparatus ((a) photograph of the specimen with pressure test
apparatus, (b) schematic drawing of pressure test apparatus).

specimen at 10, 30 and 50 mm apart from the impact point and on the opposite
side. The surface of the specimen was observed by video camera during the internal
pressure test. Acoustic emission was also measured to detect microscopic damage.
The number of specimens for each test condition was � ve or six.
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Burst strength of composite pipes 323

Figure 4. Internal pressure test system.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Impact tests

Figure 5 shows the schematic drawings of surface damage after impact tests.
Splitting and/or � ber breakages were observed around indentations except for the
case of R D 20 mm for Specimen A, where no damages were observed. Fiber
breakage were observed only in the Specimen A with R D 10 mm. Damage
areas in Specimens A and B were larger in the case of R D 10 mm, while there
was no difference in damage area in Specimen C. It is signi� cant that the damage
area in Specimen C was smaller than in Specimens A and B, which suggests the
effectiveness of the XN-05 layer against impact loading.

The average absorbed energy during impact tests are shown in Fig. 6. As can
be seen in the � gure, absorbed energy decreased with increasing impactor radius.
However, the absorbed energy in Specimens A and B with same impactor radius
are equivalent, although the impact damage in Specimen A is larger, as shown in
Fig. 5. It is then understood that most of the impact energies were dissipated by
the plastic deformation of aluminum liners, which is consistent with the previous
result [5]. On the other hand, the absorbed energy of Specimen C was smaller than
for Specimens A and B. This might be attributed to the larger bending rigidity of
Specimen C, which results in smaller deformation of aluminum liner.

To investigate the feature of impact damage, the � ber damage length was
estimated from the surface observation (Fig. 5). If the � ber breakage was not
observed, the diameter of indentation was taken as the damage length. Figure 7
shows � ber damage length as a function of absorbed energy. It can be understood
from the � gure that the damage length of the specimen with thicker XN-05 layer is
smaller within close absorbed energy values.
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324 S. Wakayama et al.

Figure 5. Schematic drawings of surface damages caused by impact tests.

Figure 6. Absorbed energy in the impact tests. Specimen names and the radius of impactor are
indicated, e.g. A-R3 is the Specimen A after impact loading with the impactor of 3 mm diameter.

In order to obtain information on the damage in more detail, the cross-section
of Specimen A after the impact test for the impactor diameter of 3 mm (absorbed
energy was 25.9 J) was observed as shown in Fig. 8. It is observed in Fig. 8a
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Burst strength of composite pipes 325

Figure 7. Fiber damage length as a function of absorbed energy.

that the aluminum liner was deformed plastically and the delamination between
CFRP layer and metal liner occurred by the elastic recovery of CFRP after impact
loading. In the enlarged photograph (Fig. 8b), � ber breakages due to micro-buckling
and interlaminar delamination were observed below the indentation regions. It is
important that those � ber breakages could not be observed in Specimens B and C.
Although further investigations on the nucleation mechanisms of impact damages
are needed, it was deduced that the impact damage was suppressed by XN-05 layers.

3.2. Internal pressure tests

A typical result of the internal pressure test after impact is shown in Fig. 9, where
the Specimen A with the impact load by the impactor with radius of 10 mm was
used and the absorbed impact energy was 24.5 J. Figures 9a and b show the strain
and AE cumulative events, respectively and (c-1) to (c-3) show the fracture behavior
observed on the surface.

In the strain behavior at 10 mm from the impact point (Fig. 9a), the compressive
deformation in initial loading stage was observed. This is considered to be the result
of unbending deformation of the dented part of the aluminum liner.

During the internal pressure test, the strain discontinuities were observed as
indicated in Fig. 9a at 32 MPa (c-1) and 37 MPa (c-2). It can be seen in Fig. 9b
that AE cumulative events increased rapidly at corresponding pressure. While
no fracture behavior was observed on the surface (c-1) at 32 MPa, strain and AE
behavior suggest that the internal damage were initiated and/or grew. On the other
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326 S. Wakayama et al.

(a) Overview

(b) Enlargement of X

Figure 8. Result of cross-sectional damage observation. (Specimen A, R: 3 mm, Absorbed energy:
25.9 J)

hand, the initiation of splitting was observed at 37 MPa (c-2) corresponding to strain
and AE behavior. Finally, the additional initiation of splitting and the corresponding
rapid increase in AE were observed at 40 MPa (c-3) and it grew to � nal failure.

This fracture behavior was observed on the surface only for Specimen A with
the impact damage by the impactor of R D 3 or 10 mm. In other specimens,
little damage progress was observed on the surface, although AE activities such as
rapid increasing points were detected prior to � nal burst in all specimens, which
suggest the progress of internal damage, such as delamination. It is then noted that
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Burst strength of composite pipes 327

(a) Strain as a function of pressure

(b) Cummulative AE events as a function of pressure

(c-1) 32 MPa (c-2) 37 MPa (c-3) 40 MPa

Figure 9. Result of internal pressure tests. (Specimen A, R: 3 mm, Absorbed energy: 24.5 J.)

AE measurement is the most sensitive way to detect the fracture behavior during
internal burst test of pressure vessels.

The average burst strength of the specimens before and after impact tests is shown
in Fig. 10. It can be seen in the � gure that the virgin burst strengths of Specimens
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328 S. Wakayama et al.

Figure 10. Residual burst strength of composite pipes after impact tests. The burst strength of
specimens without impact loading (A, B and C) are also shown.

A and C are almost equal but then Specimen C was well designed and fabricated.
It is also understood that the larger the impactor radius, the higher is the residual
strength.

In order to clarify the effect of low modulus amorphous � ber on the impact
resistance, the residual strength ratio, which is de� ned as strength after impact
normalized by strength of virgin specimen, is calculated and shown in Fig. 11.
Residual strength ratios of Specimens B and C were larger than for Specimen A.
Furthermore, the difference in residual burst strength ratio of Specimen C was
smaller than others. Consequently, it can be concluded that the impact resistance
of FW-FRP composite pipes was enhanced by XN-05 � bers.

On the fracture surface of Specimen A, � ber damage region caused by impact
loading could be distinguished from the fracture surface during internal pressure.
The damage area was then measured as the product of � ber breakage depth and
� ber breakage length observed on the surface. Figure 12 shows the relation between
strength ratio and cross-sectional area of � ber breakage. As can be seen in the
� gure, strength ratio linearly decreased as damage area increased. Unfortunately,
the damage depth of Specimens B and C was too small to measure, so further
investigations are required for the precise evaluation of damage depth in Specimen B
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Burst strength of composite pipes 329

Figure 11. Residual strength ratio.

Figure 12. Residual strength ratio as a function of damage area.

and C. However, it was understood that the depth pro� le of impact damage as well
as length is signi� cant for the characterization of strength degradation of pressure
vessel with impact damage.
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330 S. Wakayama et al.

4. CONCLUSION

In the present study, drop-weight impact tests and subsequent internal pressure
tests of FW-CFRP composite pipes were carried out. Especially, the effect of
low-modulus amorphous carbon (XN-05) � ber on impact damage tolerance was
investigated. Finally, the following conclusions were obtained.

(1) Impact damage observed on the surface was decreased by XN-05 � bers.
Especially, � ber breakage under the impact point was not observed in the
specimens with XN-05 layers.

(2) Impact absorbed energy become larger as the radius of the impactor become
smaller. However, XN-05 layers had little effect on the absorbed energy, since
the work for plastic deformation was dominant within the energy in this study.

(3) The degradation of residual burst strength could be suppressed by applying low
modulus amorphous carbon � ber on the surface of the pipes.
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